Abstract-An implantable, stimulated-muscle-powered piezoelectric active energy harvesting generator was previously designed to exploit the fact that the mechanical output power of muscle is substantially greater than the electrical power necessary to stimulate the muscle's motor nerve. We reduced to practice the concept by building a prototype generator and stimulator. We demonstrated its feasibility in vivo, using rabbit quadriceps to drive the generator. The generated power was sufficient for self-sustaining operation of the stimulator and additional harnessed power was dissipated through a load resistor. The prototype generator was developed and the power generating capabilities were tested with a mechanical muscle analog. In vivo generated power matched the mechanical muscle analog, verifying its usefulness as a test-bed for generator development. Generator output power was dependent on the muscle stimulation parameters. Simulations and in vivo testing demonstrated that for a fixed number of stimuli/minute, two stimuli applied at a high frequency generated greater power than single stimuli or tetanic contractions. Larger muscles and circuitry improvements are expected to increase available power. An implanted, self-replenishing power source has the potential to augment implanted battery or transcutaneously powered electronic medical devices.
INTRODUCTION
Implanted electronic medical devices, such as pacemakers, deep brain stimulators, neurostimulators and intramuscular stimulators, are commonly used to provide beneficial therapies and increase quality of life. 2, 3, 5, 14, 24 However, power management of these devices remains a technical challenge. Power consuming devices such as neurostimulators use batteries implanted along with the device and require replacement surgeries when the batteries are depleted. Each surgery is costly and carries the common risks of surgical procedures. 6, 27, 53 Applications such as intramuscular stimulation have greater power requirements and may use transcutaneous power sources to provide high levels of energy transfer between external and internal coils or wires. The disadvantage of transcutaneous systems is the need for external equipment, which can be damaged, is burdensome to carry, is cosmetically unappealing and cannot be used in a wet environment. 39, 43 A totally implantable electrical power source that is replenished by conversion of an energy source within the human body may be an advantageous alternative or augmentation to implanted batteries or transcutaneous power sources. The number of required battery replacement surgeries could be reduced or possibly eliminated. Periods of intramuscular device functionality untethered from external equipment could be possible, during which a shower or water therapy could be performed independently.
The concept of converting both external and internal human energy sources into electrical power has been studied for a variety of applications. For example, the thermal energy from surface body heat has been converted to electrical energy for powering wrist watches. 46 Human powered generators that convert mechanical energy to electricity include hand cranks for powering radios, shake generators for flashlights, cycle driven portable generators, 30 heel strike generators for lessening the weight burden that soldiers carry, 47 inductive and piezoelectric generators incorporated into hiking backpacks for powering mobile communication devices 12, 44 and a regenerative brake located at the knee joint that operates using the negative work of locomotion for powering prosthetic limbs. 10 Research and development of implanted generators has included thermoelectric generators driven by body heat 34 and piezoelectric generators driven by bone strain, 11, 42 acceleration during locomotion, 15 the motion of respiration 19 and heart contractions. 28, 29 The power generated from these generators has been in the lW or sub-lW range and the potential applications have been small power consuming devices, such as telemetry of sensor data, drug pump delivery systems and pacemakers.
We have been developing a unique, implantable, active energy harvesting generator driven by stimulated skeletal muscle contractions. An advantage of skeletal muscle is that it contains a significant amount of potential chemical energy. A conservative estimate of the sustained mechanical output power of stimulated, conditioned skeletal muscle producing isotonic contractions is 1 mW/g. 1, 18, 50 The mass of human limb and trunk muscles range from 10 to 1000 g 41 and therefore the mechanical power available for conversion could be as great as 1 W. Active energy harvesting uses a small portion of the generated power to control the system in order to increase overall power transfer. 38 Our generator takes advantage of the fact that the lW's of electrical power necessary to stimulate a motor nerve is orders of magnitude less than the mW's of mechanical power available from muscle contractions or that can be harvested with piezoelectrics. 31 Motor nerve stimulation is used to drive muscle contractions in a constant and consistent pattern. We have chosen to use a piezoelectric stack to convert the mechanical power of the stimulated muscle into electrical power. The advantage of a piezoelectric stack is its small displacement, in the lm range. That limits the decrease in efficiency due to fibrous growth encapsulation and increases reliability by having no moving mechanical parts that could break.
The concept for the implantable, stimulatedmuscle-powered piezoelectric generator is shown in Fig. 1 . A piezoelectric stack generator in a mechanical holder is surgically attached between a bone and a muscle-tendon unit. A muscle that is paralyzed for which restoration of function is not anticipated or a redundant muscle whose function can be sacrificed are the types of muscles that are targeted to drive the generator. The motor nerve of the muscle is electrically stimulated to produce isometric muscle contractions, which repetitively exert force on the piezoelectric generator. As force is applied, the piezoelectric material is strained causing charge to develop, which is stored in electrical circuitry. A portion of the generated power is used to stimulate the motor nerve and the rest is available to power an implanted medical device application. Further details about the generator design have been previously reported in Lewandowski et al. 31, 32 Muscle force is the system parameter that has the largest effect on generator output power. The output power increases quadratically with increases in amplitude and linearly with increases in the frequency of the muscle force. 31 The amplitude of muscle force is dependent on the size of the muscle and the stimulation pattern (number of pulses, frequency and repetition rate) applied to the motor nerve. [7] [8] [9] 17, 23, 40, 55 Both muscle amplitude and frequency should be as large as possible for maximum output power. However, for sustained muscle activity without fatigue, there is a trade-off between smaller force muscle twitches repeated at a faster rate and larger force tetanic contractions repeated at a slower rate.
An additional condition for maximum power transfer is that the impedance of the load circuit needs to match the impedance of the generator. The impedance of the generator depends on the frequency of the muscle force. For un-fused contractions two frequencies are present, the un-fused stimulation frequency and the burst repetition rate. It is important to determine the frequency to which the load circuit should be tuned for maximum power transfer if multi-peak force bursts are used to drive the generator. FIGURE 1. The implantable, stimulated-muscle-powered piezoelectric energy generator concept. A piezoelectric stack generator in a mechanical holder is surgically attached between a bone and muscle-tendon unit. Stimulation of the motor nerve causes isometric muscle contractions, repetitively exerting force on the piezoelectric generator. The charge developed by the strained piezoelectric material is stored in electrical circuitry. A portion of the generated power is used to power the stimulator and the rest is available to power an implanted medical device application.
The goal of this study was to reduce to practice our concept of an implantable, self-sustaining stimulatedmuscle-powered piezoelectric active energy harvesting generator that exploits the fact that the mechanical output power of a muscle is substantially greater than the electrical power necessary to stimulate the motor nerve. The study objectives were to (1) build a mechanical muscle analog to use as a test bed for generator development; (2) build a generator prototype consisting of a piezoelectric stack generator, storage circuitry, a motor nerve stimulator and a load resistor; (3) demonstrate continuous, self-sustaining operation of the stimulator and dissipation of additional power through the load resistor, in vivo, using rabbit quadriceps to drive the generator system; (4) verify the accuracy of the mechanical muscle analog by comparing data obtained with it to data obtained from in vivo trials; (5) determine the combination of stimulation parameters that results in maximum output power and determine the fundamental frequency to which the load circuit should be tuned.
METHODS

Mechanical Muscle Analog
A mechanical muscle analog test bed (Fig. 2) was built for generator prototype development and to reduce the number of required animal experiments. It was designed to produce tension with a magnitude and profile similar to that of a muscle twitch. This was achieved by using a linear motor controlled with an H-bridge circuit (TPIC0107B, Texas Instruments, Dallas, TX) to stretch and relax a spring. The spring was attached to the mechanical holder that housed the piezoelectric stack and converted tensile force to the compressive force needed for generator operation. The other end of the holder was anchored to the test stand. Tension (10-50 N) was controlled by the motor power supply voltage. Frequency (0.125-2 Hz) was controlled by the clock of the H-bridge circuit. Force was measured with a load cell (LC703-50, Omega Engineering, Inc., Stamford, CT).
The output power capabilities of the generator were assessed with the mechanical muscle analog. A 7 9 7 9 44 mm, modified lead zirconate titanate piezoelectric stack (TRS Technologies, State College, PA) with a piezoelectric constant of 0.035 V mN
À1
and a capacitance of 323 nF was connected to the power analysis circuit (Fig. 3) . The power analysis circuit consisted of a half diode bridge, a 1000 lF tantalum storage capacitor (C L ) and a 3 MX load resistor (R PA ), sized to match the impedance of the piezoelectric stack. The mechanical muscle analog was used to apply force ranging from 10 to 50 N to the piezoelectric stack in 18 trials until the voltage across R PA reached a steady state (V Lss ). Data acquisition FIGURE 2. Schematic of the mechanical muscle analog test bed. The mechanical muscle analog was used to develop and test the generator system prior to in vivo trials, reducing the number of animal experiments. The linear motor, controlled with an H-bridge circuit, stretched and relaxed a spring to produce tension with a magnitude and profile similar to that of a muscle twitch. The available force (10-50 N) was controlled with the motor power supply voltage. The clock of the H-bridge circuit was used to control the frequency of the force pulses. FIGURE 3. Power analysis circuit schematic. The electrical schematic of the system used to measure the power generating capabilities of the implantable, stimulated-musclepowered piezoelectric generator concept. The storage circuit consisted of a half diode bridge and a 1000 lF capacitor (C L ). The load resistor (R PA ) was matched to the impedance of the piezoelectric generator. Voltage (V L ) was recorded across the load resistor and power was calculated using Eq. (1).
equipment (DAQPad 6052E & Labview Software, National Instruments, Austin, TX) was used to acquire force and voltage data. The output power (P) was calculated with Eq. (1) and plotted vs. input force.
Preparation for In Vivo Demonstration A prototype generator system was specifically built for the in vivo demonstration. The prototype generator system consisted of the piezoelectric stack generator connected to a half diode bridge, a 1000 lF tantalum storage capacitor (C L ) a stimulator circuit and a load resistor (R L ) (Fig. 4) . The load resistor R L represented a target application and was used to measure the output power generated in addition to that needed for motor nerve stimulation. The simplified nerve stimulator was built from a CMOS Schmitt trigger circuit, producing a biphasic current pulse (using C 2 = 0.2 lF) that was applied to the motor nerve through a custom fabricated tripolar spiral nerve cuff electrode. Potentiometer R 1 (100 kX potentiometer set at 5.6 kX) and capacitor C 1 (0.1 lF) controlled the pulse width of the stimulus, which could be adjusted to be between 10 and 2000 ls, and R 2 (100 MX) and C 1 (0.1 lF) controlled the inter pulse interval, which was set to approximately 1 s.
We chose to use the rabbit quadriceps muscle to drive the generator during the in vivo demonstration since simulations and mechanical testing of expected forces suggested this muscle would be sufficient. Estimates of output power expected from the generator when driven by rabbit quadriceps were compared to estimates of the power requirements of the stimulator to determine if there was adequate power for sustained operation of the stimulator. The rabbit quadriceps can produce 30-50 N of twitch force, 4, 21, 22, 37 corresponding to 2-8 lW of output power, predicted from the simulation results of previous studies. 31 It was not possible to directly measure the stimulator power requirements since the measurement process changed the characteristics of the circuit, so an estimate was determined indirectly using the mechanical muscle analog. A 40 N force was applied with the mechanical muscle analog to the piezoelectric stack connected to the power analysis circuit (Fig. 3) . A 2.4 V steady state voltage (V Lss ) resulted across R PA (3 MX), corresponding to an output power of 1.9 lW, calculated with Eq. (1). The piezoelectric stack was then connected to the circuitry shown in Fig. 4 , with the electrode-nerve impedance approximated with a 1 kX resistor. A 40 N force was applied with the mechanical muscle analog to the piezoelectric stack and load resistor R L was adjusted until the steady state voltage was equal to the steady state voltage from the power analysis circuit trial (2.4 V). This occurred when R L equaled 5 MX. The power requirement of the FIGURE 4. Generator system circuit schematic. The electrical schematic of the system built to demonstrate the implantable, stimulated-muscle-powered piezoelectric generator concept. Stimulated muscle contractions applied force to the piezoelectric generator which powered both the stimulator and a load. The stimulator delivered a current pulse to the motor nerve which produced muscle contractions.
stimulator (P Stim ) was estimated to be 0.8 lW (Eq. 2), which is less than the predicted output power of the generator. The current pulse produced by the stimulator across the 1 kX resistor was a 700 lA, 200 ls pulse, a value that should be adequate for stimulating a motor nerve. These estimates provided confidence in the ability to demonstrate our generator in vivo using a rabbit quadriceps to drive the generator.
In Vivo Experimental Protocol
Five New Zealand White rabbits (3.9 ± 0.4 kg, n = 5) were used in the study. The experimental protocol was approved by the Case Western Reserve University Institutional Animal Care and Use Committee. Anesthesia was initiated with (50 mg/kg) Ketamine and (5 mg/kg) Xylazine and maintained throughout the experiment with 1-3% Isoflurane. A surgical procedure was performed to mechanically connect the piezoelectric generator to the rabbit quadriceps. The patellar tendon was detached from the tibia, keeping the muscle attachment to the tendon intact. A hole was drilled through the patella and connected to the piezoelectric holder with stainless steel wire. The other end of the piezoelectric holder was anchored to the test stand and the rabbit's ankle and knee joints were secured to prevent movement. A tripolar spiral nerve cuff electrode was placed on the femoral nerve. Stimulus parameters for maximal muscle activation were determined. The experimentation performed included (1) in vivo, self-sustaining demonstration of the generator concept; (2) in vivo power generation data collection for comparison to the mechanical muscle analog; (3) collection of in vivo force data for use in software simulations for the stimulation parameter study; and (4) in vivo power generation data collection for comparison to the software simulation results. The rabbits were euthanized at the conclusion of the experiment with a 90 mg/kg dose of sodium pentobarbital (Euthasol, Virbac AH, Inc., Fort Worth, TX), administered intravenously through the lateral ear vein. The animals were pronounced dead at cessation of heart beat and ECG readings, at which time the quadriceps muscle was dissected and weighed (63.8 ± 10 g, n = 5).
(1) In Vivo Self-Sustaining Demonstration of Generator Concept Feasibility
We demonstrated in one rabbit experiment that the mechanical power of muscle can be converted to electrical power in amounts greater than is needed for stimulation of the motor nerve. The ability of the generator to maintain a steady state or increase the output voltage during the in vivo trials demonstrated that our active energy harvesting generator concept was feasible. The capacitor C L was pre-charged and resistor R L was set to maintain a steady state voltage. Connection of the piezoelectric stack to the system circuit (Fig. 4) and connection of the nerve electrode to the stimulator initiated generator operation. The system was allowed to run for 120 s. The power generated in addition to that needed to power the stimulator was calculated with Eq. (1), using the value of R L and the steady state voltage of the system.
(2) Comparison of In Vivo Data to Mechanical Analog Data
In vivo results were compared to results obtained with the mechanical muscle analog to verify its accuracy. The output power capability of the generator when driven by muscle was assessed in two in vivo experiments. The piezoelectric generator was mechanically connected to the muscle and electrically connected to the power analysis circuit (Fig. 3) . Muscle length was adjusted to where maximum twitch force resulted and the minimum current level for producing maximum twitch forces was found. The femoral nerve was stimulated at 1 Hz (Pulsar Stimulators, FHC Inc., Bowdoinham, ME) until the voltage across the load resistor (V L ) reached a steady state. Capacitor (C L ) was pre-charged to decrease the time necessary for V L to reach its steady state. The output power of the generator was calculated using Eq. (1) and the in vivo output power results were compared to the mechanical muscle analog output power data.
(3) In vivo Collection of Force Data for the Evaluation of Stimulus Parameters
A stimulation parameter study was performed to determine the combination of stimulation parameters that results in maximum output power and to determine whether the load circuit should be tuned to the stimulation frequency or the repetition rate frequency. The force of the rabbit quadriceps, resulting from the application of various stimulation patterns to the femoral nerve (Pulsar Stimulator, FHC Inc., Bowdoinham, ME), was recorded in three rabbit experiments. The stimulation patterns for a fixed aggregate rate of 1 stimuli/s were 1 pulse repeated at 1 Hz and trains of 2, 4, and 8 pulses at repetition rates of 0.5, 0.25, and 0.125, respectively. Stimulation frequencies for each of the trains of multiple pulses included 20, 40, 50, and 100 Hz. Three contractions were obtained during each trial of a stimulation pattern combination and the force was averaged over those three contractions.
At least two trials of each stimulation pattern were obtained.
Evaluation of Stimulus Parameters
Using Software Simulations
In vivo muscle force data were used as input to software simulations which predicted the generator output power resulting from sustained application of each force waveform. The software simulation methods are described in detail in Lewandowski et al. 31 The SPICE circuit (EMA Design Automation, Inc., Rochester, NY) used in the simulations included a voltage source and capacitance to represent the piezoelectric stack, and a half diode bridge, storage capacitor and a load resistor. The piezoelectric voltage was calculated by multiplying the input force by a scalar, determined from the piezoelectric constant and dimensions of the piezoelectric stack. The output of the simulations was the steady state voltage (V Lss ) across the load resistor (R L ) and the predicted output power of the generator was calculated using Eq. (1).
For each input force trace, the output power was predicted over a range of load resistors (R L = 10 kX to 1000 MX). The load resistor (R Lopt ) resulting in the greatest output power (P opt ) was determined. R Lopt is related to the input impedance of the generator. Frequency (f sim ) was calculated with Eq. (3) using R Lopt found in the software simulations and C p = 323 nF. f sim was compared to the stimulation frequency and the repetition rate of the stimulus to determine the frequency to which the load circuit should be tuned for maximum power transfer. Average peak force was defined as the peak force for twitches and the average of the peaks for un-fused contractions. The stimulation parameter combination (number of pulses in the train and stimulation frequency of the train) resulting in the greatest predicted output power was identified.
(4) In Vivo Data Collection for Comparison with Software Simulation Predictions
A comparison of the output power of the generator using two different stimulation parameter combinations was performed during one rabbit experiment. The two stimulation parameter combinations were (1) single pulses repeated at 1 Hz; (2) the stimulation parameter combination predicted from the software simulations to result in the greatest output power. The piezoelectric generator was mechanically connected as described above and was electrically connected to the power analysis circuit, shown in Fig. 3 . The load resistor (R PA ) was tuned according to the repetition rate. The two different stimulation parameters were applied (Pulsar Stimulator, FHC Inc., Bowdoinham, ME) until the voltage across the load resistor (V L ) reached a steady state. Capacitor C L was pre-charged to decrease the time necessary for V L to reach its steady state. The output power of the generator was calculated with Eq. (1) and compared for the two stimulation parameter combinations.
RESULTS
Output Power Capabilities of the Generator
The output power (P) of the generator as a function of applied force (F) when the mechanical muscle analog was used to apply force is shown in Fig. 5 . The equation of the curve fitted through the data points was:
A second order polynomial fit was chosen because the output power of the generator theoretically increases quadratically with the input force. 31 The shape of the fit through the mechanical analog data matches the shape of a fit through theoretical predictions performed with SPICE software simulations performed in a previous study. 31 The output power results from the FIGURE 5. In vivo power generation matched the mechanical muscle analog. The output power of the generator is shown as a function of input force applied with both the mechanical muscle analog (white squares) and the two in vivo experiments (black circles). The variation in force within each trial is contained within the markers. The solid line is a polynomial curve fitted through the mechanical analog data points. The dashed lines show the 90% confidence interval of the mechanical muscle analog data points.
mechanical analog experiments were a factor of 10 less than these theoretical output power predictions. The difference is due to mechanical coupling losses and electrical circuitry losses neglected in the simulations. The least-squares error method was used to fit the data to the second order polynomial. We assumed that the error (E) in the data was due to our inability to precisely measure the force produced by the mechanical muscle analog. We assumed it was independent normal with constant variance and that P ± 2E contained at least 90% of the predictions. The variation in force produced by the mechanical muscle analog within each trial was 2.1 ± 0.7 N (1.2-4.0 N).
In Vivo Demonstration of Generator Concept
In an in vivo experiment we demonstrated that the mechanical power of muscle can be converted to electrical power in amounts greater than is needed for stimulation of the motor nerve. Once the piezoelectric stack was mechanically connected to the rabbit quadriceps, operation of the generator system was initiated by connecting the piezoelectric stack to the system circuit and the femoral nerve electrode to the stimulator (Fig. 4) . We used an initial condition of 100 MX for R L and C L was pre-charged to 1.65 V. From the mechanical analog experiments we observed that a significant portion of the generated power would be needed for operation of the stimulator when using force values of approximately 30 N. We expected that only a small amount of additional power would be generated, so we chose a large initial resistor value for R L . Additionally, we observed a steady state system voltage of approximately 1.7 V when the mechanical muscle analog applied a 30 N force to the power analysis circuit. Therefore, we chose a voltage slightly below 1.7 V as the starting point for the in vivo trial.
The width of the current pulse generated by our stimulator during the in vivo demonstration was 1400 ls and the repetition rate was 0.6 Hz (Figs. 6a  and 6b) . A 500 lA, 200 ls pulse produced the same 30 N twitch with an external stimulator, therefore we estimate the current pulse amplitude from our stimulator to be 200 lA. Twitch force decreased over the 2 min run from 30 to 13 N. Figures 6c and 6d show example force twitches recorded at the end of the trial. We estimated for these force levels that the total power generated was between 0.1 and 1 lW (Fig. 5) . Initial maximum twitch force was 35 N, thus the generator was operating at 37-86% of maximum twitch force. Each force pulse applied to the piezoelectric stack resulted in a step increase in the output voltage of the FIGURE 6. Example stimulus pulse, twitch force and step increases in output voltage during the in vivo demonstration. Application of the stimulating pulses (a and b) to the rabbit femoral nerve resulted in quadriceps twitch force (c and d). The twitch force was applied to the piezoelectric stack resulting in a step increase in generator output voltage (V L ) (e and f). Continuous application of the stimulus pulses and resulting force bursts resulted in the self-sustaining generator operating voltage charging shown in Fig. 7. system (Figs. 6e and 6f ). The step increases in voltage were greater at the beginning of the 120 s trial of continuous operation and leveled off at 1.7 V toward the end of the trial as the muscle fatigued (Fig. 7) . During the period when the operating voltage was at 1.7 V, the generator produced an additional 30 nW of power through the 100 MX load resistor. Throughout the entire 120 s trial the generator produced continuous power for stimulator operation and additional power through the load resistor, demonstrating concept feasibility.
Comparison of In Vivo Data to Mechanical Analog Data
The output power generated during two in vivo trials matched the mechanical analog power results and was within 4% of the mechanical analog curve fit (Fig. 5) . During one in vivo trial an average force of 11 N was produced by the quadriceps, the steady state voltage was 0.6 V and the output power was 0.12 lW. Nonmaximal force was obtained in this experiment, due to the abnormally high threshold current needed for this animal's femoral nerve. The other in vivo trial produced force in the expected range, 31 N, resulting in a steady state voltage of 1.7 V and an output power of 1 lW.
Stimulation Parameter Evaluation
When a multi-pulse stimulation pattern is applied to the motor nerve, the resulting muscle force waveform can contain two frequencies; the stimulation frequency and the repetition rate. The frequency to which the load circuit should be tuned for maximum power transfer was calculated for each of the stimulation parameter combinations with Eq. (3) using R Lopt found from the software simulations (Table 1) . Two cases were observed. In the first case the tuning frequency matched the repetition rate. This occurred for stimulation patterns that approached single force bursts: 1 Hz single pulses and multi-pulse trains with high stimulation frequencies (50 and 100 Hz and sometimes 40 Hz). In the second case, the tuning frequency was greater than the repetition rate but much less than the stimulation frequency and was approximately equal to the sum of the repetition rate and the number of pulses. This occurred for stimulation patterns of un-fused multi-pulse trains with a stimulation frequency of 20 Hz and sometimes 40 Hz. No advantage was obtained by tuning to the higher stimulation frequency as an averaging effect occurred between the stimulation frequency and the repetition rate for the un-fused, multi-pulse force profiles. When single force bursts are used the system should be tuned to the repetition rate to maximize power output.
The greatest predicted output power occurred when 2 stimulation pulses were applied with a stimulation frequency of 100 Hz and a repetition rate of 0.5 Hz ( Table 2 ). The predicted output power was 4 times greater than the power obtained from muscle twitches. The variation in output power within a stimulus FIGURE 7. Self-sustaining, in vivo power generation. This is the recorded output voltage (V L ) when the rabbit quadriceps was driving the generator system shown in Fig. 4 . The generator charges C L to a steady state voltage producing continuous power in an amount sufficient to run the stimulator and to dissipate 30 nW of additional power through a 100 MX load resistor. The ability of the generator to increase the output voltage of the system and to maintain a steady state demonstrates the feasibility of our generator concept. Note: For single pulses of force the tuning frequency matched the repetition rate. For un-fused multi-pulse force bursts, the tuning frequency was greater than the repetition rate and substantially lower than the stimulation frequency. Therefore the system should be tuned to the repetition rate to maximize power output.
pattern group was due to pooled data from three rabbits. Since the repetition rate was chosen so that the power necessary for the stimulations was kept constant (a fixed number of 1 stimuli/s), the most advantageous stimulation pattern was the one with the greatest predicted output power. In the in vivo trial the output power for 2 stimulation pulses at 100 Hz and a repetition rate of 0.5 Hz was 2.7 greater than the output power for 1 stimulus pulse repeated at 1 Hz. The 2 pulse stimulation pattern resulted in an average peak force of 83 N, a steady state voltage of 4 V and a continuous generator output power of 2.7 lW. The 1 pulse stimulation pattern resulted in an average peak force of 31 N, a steady state voltage of 1.7 V and a continuous generator output power of 1.0 lW.
DISCUSSION
We demonstrated in an acute animal model that the mechanical power available from an electrically stimulated muscle can be converted into electrical power in excess of that needed to power the motor nerve stimulator. To our knowledge this has not been demonstrated before. This approach takes advantage of the power amplification characteristics of muscle, where the mechanical output power of the muscle is much greater than the electrical power necessary to stimulate the motor nerve. In previous work we introduced the concept of a stimulated-muscle-powered piezoelectric generator. 31 In this study we reduced to practice our concept by building a generator and stimulator prototype and demonstrating its feasibility in vivo, using rabbit quadriceps to drive the generator. The generated power was sufficient for continuous self-sustaining operation of the stimulator and a small amount of additional power was dissipated through a load resistor (Fig. 7) . This demonstration is the first step toward realizing a stimulated-muscle-powered generator that can be implanted within the human body and used as a power source for implanted medical devices.
The approximate power requirements of different types of implanted medical devices include: (1) 50 lW for small devices such as pacemakers and neurostimulators 6, 54, 56 ; (2) 10 mW for intramuscular stimulation applications such as restoration of hand grasp 25 ; and (3) 5 W for a ventricle assist device. 49 We anticipate that a small device application could be completely powered by our generator, if we use an estimate of 1 mW of net power from an improved generator version that is driven by a large human muscle. However, due to the need to sacrifice a muscle for implementation of the generator, the advantages of our generator may not outweigh the advantages of the battery technology that is currently used for these devices. The power requirement of the ventricle assist device is clearly outside the range of anticipated capabilities of our generator technology. Intramuscular stimulation applications, however, appear to be an appropriate target application for our generator. In this example, we would anticipate that the generator could supply 10% of the necessary power. We anticipate that further refinement of the system, as described in the following paragraphs, could conceivably enable the generator to supply 100% of the power necessary for intramuscular stimulation applications (approximately 10 mW).
The use of a larger muscle will have the largest impact toward increasing the output power of future Note: The patterns consisted of different combinations of the number of stimulus pulses, the stimulation frequency and the repetition rate. For a fixed number of 1 stimuli/s, two stimuli applied at a high frequency generated greater power than single twitches or tetanic contractions.
generator prototypes. We used the smallest animal muscle possible for our in vivo demonstration resulting in lW's of total generated power and only 30 nW of power in excess of that needed to power the stimulator. An estimate of the range of twitch forces available from human muscle is 1-800 N, 13, 35, 36, 41 assuming a conversion factor of 50 N cm À2 , 16 and twitch force to be 10-30% of the maximal contractive force. The upper range of this twitch force is approximately 30 times greater than the twitch force of the rabbit (~30 N), increasing the expected output power of the generator by a factor of nearly 10 3 , since output power increases quadratically with input force. This puts the output power of the generator in the mW range when using large human muscles, rather than in the lW range seen in these experiments. Since the input muscle stimulation power requirements remains essentially constant as muscle size increases, the generated power will increase as the size of the muscle increases.
Gains in generator output power may also be possible by using muscle shortening to optimize the muscle's mechanical power production if efficiency decreases due to fibrous growth interference can be overcome. Our generator system used a piezoelectric generator with no moving parts and lm displacements for reasons of reliability and efficiency. The mechanical power associated with a 23 lm displacement of a piezoelectric stack, using a 100 N, 0.25 s, 1 Hz triangular force pulses is 0.3 mW. A 60 N peak force and 2 cm displacement can produce a mechanical power of 0.15 W, 51 which is an increase of a factor of approximately 500. Therefore, it is worth exploring mechanical to electrical conversion devices that would operate with optimal muscle force and stroke. However, implanted devices that have relied on larger displacement to convert muscle power have experienced decreases in efficiency during chronic studies due to the interference of fibrous growth with generator motion, 28, 29 so methods for minimizing the failure of moving parts and the reduced efficiency due to fibrous growth are critical aspects of the design.
Future versions of the generator should incorporate voltage regulation to optimize the power transfer between the piezoelectric generator and the load circuitry and to ensure that the stimulating pulse is the minimum pulse needed produce maximum twitch force. The current amplitude produced by our simplified low power stimulator was dependent on the operating voltage of the generator, which is not optimal. A long pulse width kept the current amplitude low, but used approximately three times more charge per pulse than needed for muscle activation. The steady state voltage that our system operated at produced a current pulse which generated 37-83% of maximal twitch force. A fixed input voltage for the stimulator would result in a constant stimulus current and would prevent wasted energy. This could be achieved by adding a DC-DC converter commonly used with piezoelectric generators 26, 42, 48 to the system to regulate the voltages of the stimulator and the load. Additionally, emerging technologies should be incorporated 33 into the design of the stimulator and the electrical circuitry should be customized to further reduce power costs.
This study took the first steps toward identifying the muscle stimulation parameters that are the most advantageous for generating output power for this application. The output power of the piezoelectric generator increases as both the magnitude and frequency of the applied force increase. However, the muscle force dynamics are complicated by the trade-off between force amplitude and contraction rate. The data demonstrate that repetition rate was the dominant frequency for tuning the system to maximize power output (Table 1) and that no advantage could be achieved by tuning the circuit to the stimulation frequency seen in non-fused contractions. When using repetition rates that keep the stimulating power requirements constant, the use of two high frequency stimulus pulses out performed the use of single pulses and of 4 and 8 pulse trains by generating three to four times as much output power (Table 2 and in vivo results). Two pulses per burst can optimize the force per pulse. [7] [8] [9] 17, 23, 40, 55 The force produced by the two pulses was much greater than the force produced by twitches and only slightly less than the force produced with 4 and 8 pulses. However, the two pulse stimulus trains can be applied at a higher repetition rate than 4 or 8 pulse trains.
Additional studies are necessary to fully understand the potential benefit of the use of two high frequency stimulus pulses. To implement the use of multi-pulse stimulus trains an additional timer would be required, adding power costs to the stimulator circuit. Chronic low frequency stimulation conditions muscle, resulting in a slower, fatigue resistant fiber type population, 20 which produces less maximal force than fast twitch type fiber. 45 Therefore, the potential gain in power could be used up in additional stimulator power costs and the effectiveness of a two pulse, high frequency stimulus train may be reduced in slower muscles. The simulation tools developed in this study can aid investigations of this type that weigh the benefits with the disadvantages.
A mechanical muscle analog was built to aid in the development of the prototype generator built for this study. Comparison of mechanical muscle analog data and in vivo data from this study verified its accuracy (Fig. 5) . The mechanical muscle analog is a tool that can be used during the development of future generator prototypes. Chronic animal studies are needed to study attachment strategies, 52 biocompatibility and demonstrate chronic device performance.
CONCLUSION
This study demonstrated that the mechanical power from muscle contractions can be converted to electrical power in excess of that needed to stimulate the motor nerve of the muscle. We reduced to practice our concept by building a generator and stimulator prototype and demonstrating its feasibility in vivo, using a rabbit quadriceps to drive the generator. The generated power was sufficient for continuous operation of the stimulator and a small amount of additional power was dissipated through a load resistor. In addition, a mechanical muscle analog was built and its usefulness as a test-bed for future generator developments was verified. More complex stimulation patterns that may increase the output power capabilities in future versions of the generator were identified. An implantable, stimulated-muscle-powered generator system has the potential to be a power source for implanted electronic medical devices.
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